NeuroD, a bHLH transcription factor, is implicated in differentiation of neurons and pancreatic ␤ cells. NeuroD-null mice die shortly after birth due to severe neonatal diabetes. To examine if there is postnatal neuronal phenotype in these mice, we rescued them from neonatal lethality by introducing a transgene encoding the mouse neuroD gene under the insulin promoter. These mice survive to adulthood but display severe neurological phenotype due to neuronal deficit in the granule layers of the cerebellum and hippocampus. We show here that NeuroD is required for these postnatally generated microneurons to undergo proper differentiation, the absence of which results in cell death.
The basic helix-loop-helix (bHLH) transcription factors are involved in cell fate determination and differentiation during development of many organisms. In both flies and mice, the requirement of bHLH proteins in differentiation of many cell types has been demonstrated. Most prominent examples are the proneural bHLH proteins in fly neurogenesis and the myogenic bHLH proteins in mouse skeletal myogenesis (Weintraub et al. 1991; Jan and Jan 1993) . Hematopoietic cells are also subject to regulation by bHLH proteins during differentiation (Robb et al. 1996; Zhuang et al. 1994 ). In the last several years, a number of mouse genes encoding neuronal bHLH proteins have been identified (for review, see Lee 1997) . One such factor is NeuroD, which is highly expressed in differentiating neurons in mice and frogs (Lee et al. 1995) . When ectopically expressed in Xenopus embryos, NeuroD can convert non-neuronal ectodermal cells into fully differentiated neurons, indicating that it can be a potent neuronal differentiation factor (Lee et al. 1995) . In addition, neuroD is expressed abundantly in mature neurons in adult brain structures, including olfactory bulbs, hippocampus, and cerebellum, suggesting a secondary role of NeuroD in fully differentiated neurons (Lee et al. 1995) . neuroD is also expressed in pancreatic ␤ cells, and NeuroD-null mice become severely diabetic and die shortly after birth due to defects in ␤ cell differentiation (Naya et al. 1995 (Naya et al. , 1997 . To investigate whether NeuroD is involved in postnatal brain development, we have rescued NeuroD-null mice from neonatal lethality by re-expressing NeuroD in the pancreas using the transgenic constructs shown in Figure 1 . The transgene (Tg) contains a short rat insulin promoter (RIP-1; Hanahan 1985 ) and a coding region that encodes the mouse NeuroD protein with its amino terminus fused to a Myc tag. We report here that NeuroD-null mice carrying the transgene, which we refer to as ND −/− Tg, survive to adulthood. However, these mice display severe neurological symptoms and morphological defects in the brain, indicating that NeuroD has a critical role in postnatal brain development.
Results
We have previously generated NeuroD-null mice by replacing the coding region of the neuroD gene with a reporter construct containing promoterless cytoplasmic lacZ (Fig. 1A) . The lacZ staining pattern reflects the endogenous neuroD gene expression pattern, which enables easy detection of neuroD promoter activity and assessment of the morphology of cells expressing lacZ. NeuroD-null mice showed all of the previously reported phenotypes including neonatal diabetes and lethality (Naya et al. 1997) . The transgene that we introduced into NeuroD-null mice to rescue the pancreatic phenotype encodes mouse NeuroD whose amino terminus is fused to a Myc tag (Fig.1B) . Immunostaining against the Myc tag allows us to follow the expression of the transgene. Throughout the experiment, we used sibling mice carrying Tg in either the ND +/− or wild-type background as controls. Because the insulin promoter we used is known to be transiently expressed in embryonic brain (Alpert et al. 1988) , it was important to ascertain the dominant effects of the mice carrying the transgene. These control mice do not display any behavioral or morphological abnormalities, demonstrating that the transgene does not cause any dominant effects on mouse development. We have also confirmed that the transgene, as detected by an antibody against Myc tag, is expressed in the pancreatic islets, but not in the postnatal brain (Fig. 1C) of the rescued mice, thus explaining its ability to selectively rescue the pancreatic phenotype in NeuroD-null mice. ND −/− mice and ND −/− Tg mice exhibit no overt phenotype at birth. Whereas ND −/− mice soon become severely diabetic and die within 5 days after birth, ND −/− Tg mice can be found among the surviving pups. The rescued ND −/− Tg mice display a slower growth rate compared to the control mice ( Fig. 2A,C) . Strikingly, the surviving ND −/− Tg mice start to show an ataxic gait as early as postnatal day 13 (P13). They fall down as often as 8-10 times per minute while moving actively (Fig. 2B) . They walk around incessantly while they are awake, whereas [Key Words: NeuroD; neuronal differentiation; microneuron; postnatal neurogenesis; cerebellum; hippocampus] the control mice usually have pauses and rests in their movement. When put on a narrow platform (3 cm wide), the ND −/− Tg mice fall immediately, whereas the control mice remain balanced for >5 min, thus indicating that the ND −/− Tg mice have abnormal motor functions and a failure to balance themselves. These neurological symptoms suggest defects in the sensory, motor, or CNS functions.
Macroscopic inspection of most brain regions at P30 shows comparable brain sizes in the regions, including the cerebrum and olfactory bulbs, to those of the sibling control transgenic mice despite the significant difference in their body weights (Fig. 2C ). However, a pronounced reduction in the size of the cerebellum can be seen in the brain of ND −/− Tg mice (Fig. 2D ). Further histological examination of the brain of P30 ND −/− Tg mice reveals severe depletion of granule cells in both the cerebellum and hippocampus. We discuss each of these phenotypes separately below. At P30, any given section through the ND −/− Tg cerebellum shows a size reduction to 30%-40% of the control cerebellum (Fig. 3A,B) . All of the major cerebellar lobules are recognizable with a normal, albeit shallow, foliation pattern. We performed X-gal or anti-␤-galactosidase staining on the sections of these cerebella to assess the fate of the cells that no longer express NeuroD. X-Gal-staining in the granular layer shows a severe granule cell depletion in all the lobules but to different extents between anterior and posterior lobules (Fig. 3A,B) . In the posterior lobules (VI-X), a near total loss of granule cells and disarrangement of Purkinje cells are observed, whereas the anterior lobules still contain some granule cells in the internal granule layer (IGL; Fig. 3 ). Therefore, it appears that the degree of granule cell depletion is far more substantial posterior to lobule VI.
Although the granular neuronal population is severely affected, Purkinje cells appear to have differentiated normally ( Fig. 3C-H ). However, their average total number on a 10-µm sagittal section is slightly less (337, n = 5) than that of corresponding sections in control cerebellum (398, n = 4) at P30. Their spatial arrangement is disturbed significantly in the posterior lobules and they no longer form a monolayer (Fig. 3H ), possibly as a second- ary result of lacking granule cells. Despite the severely disturbed Purkinje cell distribution in the posterior region, the number of Purkinje cells varies little along the anteroposterior (A-P) axis. The Toluidine blue staining of the deep nuclear neurons indicates that these neurons are not grossly affected (data not shown).
To elucidate the pathological mechanisms of this cerebellar phenotype, we performed histological analyses on younger tissues of both control and ND −/− Tg mice. During mouse development, neuroD is highly expressed in the inner layer of cerebellar external granular layer (EGL), where the postmitotic premigratory neurons are situated. A lower level of neuroD expression is also detected in postmigratory cells in the IGL (Fig. 4A,B) . However, neuroD expression is not found in the outer EGL, which consists of dividing granule precursor cells, or in Purkinje cells (Fig. 4A,B) . The pattern of neuroD expression also differs from those of radial glial cells or Bergmann glial cells stained with anti-tenescin or GFAP. Differential expression patterns from embryonic to early postnatal cerebellar development indicate that neuroD is expressed exclusively in the granule layers and not in the layers containing glial cells.
Although cerebella of ND −/− Tg and control mice are indistinguishable in size and morphology at P0, the overall size reduction in ND −/− Tg mice becomes apparent as early as P2, indicating that cell depletion takes place early during postnatal development. To assess whether cell depletion is due to cell death among neuroD-expressing postmitotic granule cells, we performed the TUNEL assay (Gavrieli et al. 1992 ) at P0. Normally, a few TUNEL + cells are expected to be found in the outer half of the EGL, which contains dividing cells at P0 ( Fig.  4C ; Wood et al. 1993) . In both ND −/− or ND −/− Tg mice at P0, in addition to the small number of TUNEL + cells in this outer zone, many are found in deeper areas, most prominently in the inner half of the EGL (Fig. 4D) . However, there is an A-P variation of TUNEL staining at P0 when the morphological phenotypic difference is not yet apparent in the A-P axis: Many TUNEL + cells are detected in the posterior half, whereas an almost normal level is observed in the anterior half. Granule cell loss and accompanying morphological change become apparent in the ND −/− Tg cerebellum at P6, most notably in the posterior region. Whereas the anterior lobules still contain the normal 8-to 10-cell thick layer of EGL, the posterior lobules have a thinner EGL of only 4-to 5-cell thickness (Fig. 4E,F) . At P30, extensive TUNEL labeling of the remaining anterior IGL cells is observed (data not shown), indicating that a significant number of the surviving granule cells is also degenerating. However, at P88, we still detect ∼5%-10% of granule cells remaining in the anterior cerebellum. These granule cells do not label with TUNEL but can be stained with antibodies against the neurofilament or ␤-galactosidase, which stains granular axons in the molecular layer (data not shown). Although differentiation occurs to some extent Tg mice, the majority of granule cells die in the inner EGLs at the time of differentiation or after migration to the IGL. From these results, we conclude that NeuroD regulates the expression of differentiation genes, including those that are essential to the survival of postmitotic granule cells in the cerebellum.
The granule cells of the cerebellum share many developmental, morphological, and cellular characteristics with the granule cells found in the hippocampus (Altman 1967; Vicario-Abejon et al. 1995; Yang et al. 1966) . Therefore, we examined the granule cell population of the hippocampus of ND −/− Tg mice and found that these cells exhibited similar defects in differentiation. During the development of the hippocampus in wild-type mice, neuroD is expressed in the Ammon's horn (AH), which includes a CA1-CA3 pyramidal layer, as well as both the proliferating precursor and mature population of granule cells that make up the dentate gyrus (DG) (Fig. 5A,B) . We find that mature ND −/− Tg brains have no structure corresponding to the DG, whereas AH formation is normal ( Fig. 5G-J) . The defect in DG formation is evident as early as E18.5, even in ND −/− mice that do not carry the RIP1-ND transgene, as confirmed by Toluidine blue and X-gal staining (data not shown). By P6, no X-gal staining is detected in the region corresponding to the DG, whereas the staining of AH neurons is normal. The lack of calretinin immunoreactivity, which is normally found in DG granule cells, also confirms the absence of these granule cells in ND −/− Tg mice at P30 (Fig. 5I,J) . The DG is formed by a complicated pattern of cell migration and cytogenesis ( data not shown). However, we cannot ascertain whether such reduction of BrdU labeling in the ND −/− Tg DG is due to extensive cell death among proliferating cells or a true reduction in the number of proliferating cells. neuroD expression is detected in the mitotic population of the hippocampal granule progenitors (Fig. 5A,B) , unlike elsewhere in the brain where it is expressed in the postmitotic neurons. Whether such mitotically active migrating DG precursors in the hippocampus represent cells with some aspects of differentiated characteristics is not known. From these results, we conclude that the disappearance of DG that occurs within the first postnatal week in ND −/− Tg mice can be attributed mainly to death of granule progenitor cells shortly after initiation of migration.
Although neuroD is expressed in other areas of the brain (E. Marcora and J.E. Lee, in prep.), structures other than the cerebellum and hippocampus seem to develop normally. We are currently investigating whether there are more subtle histological defects in other regions of the brain where neuroD expression is normally found.
Discussion
In summary, we have shown that the absence of NeuroD in the mouse causes severe defects in brain development. Both cerebellar granular neurons and hippocampal DG cells, which show the most obvious and severe defects, belong to a postnatally generated group of neurons called microneurons that mainly work as interneurons whose output is local (Altman 1967) . Such a phenotype in the development of microneurons indicates that NeuroD is critical for postnatal neurogenesis in the mouse brain. Interestingly, we have not been able to find an equally severe phenotype in olfactory neurons, possibly due to their ability to extensively regenerate themselves. Although NeuroD is expressed in different types of neurons in the brain, it seems that there is a functional requirement or selectivity of NeuroD for granule cells.
The degree of defects in the cerebellum differs considerably between anterior and posterior to the midline of lobule VI, where the expression of several genes showing an A-P segmental pattern have been reported to be bordered (Herrup and Kuemerle 1997) . Although granule cells are completely depleted in the posterior region of the cerebellum, a small population of seemingly healthy granule cells survive in the anterior portion of the cerebellum. Whether these remaining granular neurons display the normal physiology of granule cells remains to be determined. More dramatic nonuniform A-P differences have been observed in other mutations involving cerebellar granule cell depletion, such as the leaner (tg la / tg la ) (Herrup and Wilczynski 1982) and meander tail (mea/mea) (Ross et al. 1989 ) mutations in mice. Our results also support existence of A-P compartmentalization in the cerebellum and suggest that the granule cell depletion in ND −/− Tg mice is under the influence of the genes regulating such regional differences in the cerebellum (for review, see Hatten and Heitz 1995) . We also cannot rule out the possibility that the anterior cerebellum contains a population of granule cells, represented by those surviving in ND −/− Tg mice, that are functionally and physiologically distinct from the majority of cerebellar granule cells that are affected by the absence of NeuroD.
Unlike the cerebellum, where a small number of cells do survive, DG granule cells in the hippocampus are completely absent in ND −/− Tg mice. It is also striking that migrating DG cells are mitotically active and express neuroD at the same time while neuroD is expressed only in the postmitotic population in most other brain regions. Whether these migrating and mitotic DG cells display molecular differentiation characteristics is currently not known. The complete absence of DG cells in ND −/− Tg mice implies that neuronal precursors existing in the adult DG (Gage et al. 1998 ) may also be dependent on NeuroD for survival.
NeuroD function is critical for ␤ cell differentiation. In the absence of NeuroD, ␤ cells are born but undergo massive cell death around E18.5 (Naya et al. 1997) . It is possible that the time at which the ␤ and granule cells die represents equivalent developmental stages in these two cell lineages. They may represent the initial differentiation point that requires NeuroD, the absence of which can cause physiological damage. Cell deaths observed in these two cell types could also involve common molecular mechanisms. As we have shown in the case of the cerebellum, ND −/− cells are able to exit mitosis. Evidence also indicates that no increase in proliferation among ␤ cells occurs in the NeuroD-null pancreas (data not shown). Therefore, it is unlikely that these cells die as a result of the commonly accepted model of incompatibility of proliferation and differentiation. Unlike enteroendocrine cells, which keep cycling in the absence of NeuroD (Mutoh et al. 1998) , we propose that NeuroD-null granule and ␤ cells die because of physiological defects resulting from failure to properly differentiate, including misregulated ion channels, which are known to be activated during differentiation. We are currently exploring this possibility. Therefore, it seems that there are at least two different responses that cells take when NeuroD is absent. Either cells die during differentiation or later as mature cells, as is the case with ␤ and granule cells in the brain, or cells continue to proliferate, as observed with enteroendocrine cells. Thus, NeuroD is implicated in differentiation and maintenance of differentiated state, as well as cell cycle arrest during differentiation of certain neuronal cell lineages.
Another member of the bHLH protein family, MATH-1, is expressed in the proliferating other EGL of the cerebellum. The MATH-1-null mice fail to make any granule cells in the cerebellum, indicating that MATH-1 has a critical role in generation of granule precursors (BenArie et al. 1997 ). This observation and our finding that NeuroD is involved in differentiation of postmitotic cerebellar granule cells establish a hierarchy of bHLH proteins involved in cerebellar granule cell development, with MATH-1 being upstream of NeuroD.
Although NeuroD might also have a critical role in embryonic neurogenesis, other embryonically expressed bHLH proteins, such as NeuroD2, MATH-2, and MATH-3, may compensate functionally for NeuroD. We also cannot rule out the possibility that our transgene is expressed in embryonic structures, thereby rescuing prenatal phenotypes. We are currently investigating this possibility.
We have shown that NeuroD is required for postnatal neurogenesis in the cerebellum and hippocampus. The transgenic method of rescuing neonatal lethality revealed the postnatal brain phenotype that could be confirmed in neonatal ND −/− mice. Future study on ND −/− and ND −/− Tg mice will enhance our understanding of the molecular mechanisms governing postnatal neuronal differentiation. It will also enable us to examine the basis of its selectivity for microneurons and establish the epistatic relationship of different transcription factors involved in granule cell differentiation.
Materials and methods

Targeted disruption of the neuroD gene
The pPNT vector containing a positive selection marker, PGK-neo R , and a negative selection marker, HSV-TK, was used to perform the targeting experiment. A 1.5-kb EcoRI-KpnI fragment from the 5Ј upstream region fused to cytoplasmic lacZ and 6.5-kb SpeI-NotI (from the vector) from the 3Ј region were used for generation of the targeting construct. Cytoplasmic lacZ was used to stain the entire cell body. Upon correct integration, deletion of the entire second exon containing all of the coding region is achieved. Chimeras obtained from three independent targeted ES clones were maintained in both pure 129/SV background or mixed background with C57BL/6.
Generation of transgenic animals
Transgenic animals carrying the Myc-tagged-NeuroD transgene were generated by the standard pronuclear injection. Briefly, the egg-donor mice (C57CBA) were mated with ND +/− males to generate either ND +/− or wild-type embryos. Once the transgene was injected into the nuclei, the embryos were implanted and the founder transgenic mice were obNeuroD is required for postnatal neurogenesis
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Cold Spring Harbor Laboratory Press on November 2, 2017 -Published by genesdev.cshlp.org Downloaded from Tg males. ND −/− animals carrying the transgene were identified by Southern analysis, as described in the legend to Figure 1 . After being anesthetized with avertin, the animals were perfused transcardially with 4% paraformaldehyde. Isolated brains were postfixed in 4% paraformaldehyde from 2 hr to overnight, immersed in 20% sucrose, and embedded in OCT freezing compound. Frozen 10-µm sections were obtained for further analyses.
Immunohistochemistry and X-gal staining Toluidine blue or antibody staining was done as described (Miyata et al. 1996) . BrdU labeling into DNA was achieved by BrdU injection of 100 µg/gram body weight, intraperitoneally, 1 hr before the mice were sacrificed. The antibodies used in the experiments include anti-␤-gal (5Ј-3Ј five prime three prime, 1:500), BrdU (Boerhinger, 1:100), calbindin (Sigma, 1:200) , and calretinin (Chemicon; 1:500). X-gal staining was done as described (Spector et al. 1998) .
In situ hybridization and cell death assay Nonradioactive in situ hybridization with digoxigenin-labeled probes was performed as described (Lee et al. 1995) . After visualization of the signal with an alkaline phosphatase-conjugated secondary antibody, sections were processed further for BrdU immunostaining. Apoptotic cells were detected by use of a TUNEL stain kit (Boehringer).
